Abstract Purpose: We previously showed that overexpression of epidermal growth factor receptor (EGFR) is associated with malignant grade in childhood glioma. The objective of this study was to determine whether protein expression of EGFR or platelet-derived growth factor receptor (PDGFR) and their active signaling pathways are related to malignant histology, progression of disease, and worse survival. Experimental Design: Tissue microarrays were prepared from untreated tumors from 85 new glioma patients [22 high-grade gliomas (HGG) and 63 low-grade gliomas (LGG)] diagnosed at this institution from 1989 to 2004. Immunohistochemistry was used to assess total expression of EGFR, PDGFRh, and PTEN and expression of phosphorylated EGFR, phosphorylated PDGFRa (p-PDGFRa), phosphorylated AKT, phosphorylated mitogen-activated protein kinase, and phosphorylated mammalian target of rapamycin. These results were correlated with clinicopathologic data, including extent of initial tumor resection, evidence of dissemination, tumor grade, proliferation index, and survival, as well as with Affymetrix gene expression profiles previously obtained from a subset of these tumors. Results: High expression of p-PDGFRa, EGFR, PDGFRh, and phosphorylated EGFR was seen in 85.7%, 80.0%, 78.9%, and 47.4% of HGG and 40.0%, 87.1%, 41.7%, and 30.6% of LGG, respectively. However, high expression of p-PDGFRa and PDGFRh was the only significant association with malignant histology (P = 0.031and 0.005, respectively); only the loss of PTEN expression was associated with worse overall survival. None of these targets, either alone or in combination, was significantly associated with progression-free survival in either LGG or HGG. Conclusions: High PDGFR protein expression is significantly associated with malignant histology in pediatric gliomas, but it does not represent an independent prognostic factor. Deficient PTEN expression is associated with worse overall survival in HGG.
Gliomas are the most common central nervous system tumors in childhood, accounting for over 1,000 new cases each year in the United States. Approximately 30% of these are classified as high-grade malignant tumors (WHO grade 3 or 4; refs. 1, 2). Although recent therapeutic advances have been reported for the majority of pediatric cancers, treatment options for malignant childhood gliomas remain limited and prognosis continues to be dismal (3, 4) .
Substantial evidence supports that malignant glial transformation results from overexpression of growth factor receptors with activation of downstream signaling pathways that control cell proliferation, differentiation, invasion, and cell death (5 -11) . The receptors for epidermal growth factor (EGFR) and platelet-derived growth factor (PDGFR) are closely linked to malignant glioma progression and have thus served as the mainstay for molecular-targeted therapies in adult patients (12 -15) . Glioblastomas in adults arise either de novo (primary) or by secondary progression from a lower histologic grade. The molecular profile differs greatly between these two types: >70% of primary adult glioblastomas overexpress EGFR and 30% to 40% show amplification of EGFR, whereas EGFR overexpression or amplification in secondary adult glioblastoma is rare (16 -18) .
PDGFRa overexpression has been reported in f60% of secondary adult glioblastomas, with amplification noted in a small subset (<10%; refs. 1, 18). Varela and colleagues (19) noted high expression of PDGFRa in f50% of adult malignant gliomas (n = 78) and 48% of grade 2 gliomas (n = 25). They also reported shorter survival in patients with grade 2 gliomas with overexpression of PDGFR (relative risk, 5.03; P = 0.03).
A limited number of studies have evaluated the role of the EGFR and PDGFR downstream signaling cascades, RAS/MAPK and phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR, in adult gliomas (11, 20, 21) . Chakravarti and colleagues assessed levels of expression of PI3K pathway members in 92 adult gliomas [70 high-grade gliomas (HGG) and 22 low-grade gliomas ( LGG)] and correlated these data with clinical outcome. PI3K pathway activation was significantly associated with increasing tumor grade and reduced overall survival (OS; ref. 21 ). Additionally, PTEN, which inhibits PI3K/AKT signaling, is frequently deleted in adult HGG and is a significant poor prognostic finding (22, 23) .
Several studies of childhood HGG have confirmed that PTEN deletions and EGFR amplification are rare, although EGFR overexpression is common (24 -28) . However, to date, a comprehensive analysis of the concomitant protein expression pattern of EGFR/PDGFR and the downstream PI3K/AKT and MAPK signaling pathways, and the relationship of expression to histology and outcome has not been investigated in childhood gliomas. This gap in understanding is important due to the potential lack of concordance between DNA, RNA, and protein expression and the contribution that each target member may have on the overall activity of the pathways. We hypothesized that pediatric gliomas showing high expression of EGFR or PDGFR and their active signaling pathways would be more likely to exhibit aggressive behavior and worse clinical outcome. Second, we propose that the protein expression of these pathways in childhood gliomas is distinct from that of adults. Finally, our goal in this study was to map the EGFR/PDGFR signaling pathway expression in a large cohort of pediatric glioma patients using tissue microarray (TMA) protein immunohistochemistry to identify suitable prognostic targets for future therapeutic interventions.
Materials and Methods
Study population. All but one of 164 glioma patients treated at Children's National Medical Center between 1989 and 2004 was under 21 y of age. TMAs were prepared from the 103 paraffin-embedded tissue specimens available from these patients. Eighty-five of 103 tumors were from untreated patients with newly diagnosed glioma (22 HGG and 63 LGG; Table 1 ). Informed consent was obtained from patients or guardians at time of surgical or medical treatments. Children's National Medical Center Institutional Review Board approval was obtained for chart review and tissue analysis.
Tissue specimens. Before construction of the TMA block, a neuropathologist (M.S.) marked a representative tumor core within each formalin-fixed, paraffin-embedded tissue block. Subsequently, a deidentified pediatric glioma TMA block was constructed, holding 278 representative 0.6-mm tumor cores, from 103 patients. Twenty-one tumor specimens had more than one sample in a separate location within the TMA block to assess reliability and validity of the immunohistochemistry.
Immunohistochemistry. Standard immunohistochemistry was applied to stain TMA sections to map the protein expression of EGFR, p-EGFR, PDGFRh, p-PDGFRa, phosphorylated AKT (p-AKT), phosphorylated mitogen-activated protein kinase (p-MAPK), phosphorylated mammalian target of rapamycin (p-mTOR; also known as FRAP1), and PTEN. Immunohistochemistry for p-PDGFRh and total PDGFRa was not done with the TMA because reliable results for antibodies for these targets in control paraffin-embedded tissues could not be obtained. Optimization for each antibody was done using positive and negative control specimens before doing immunohistochemistry of TMA slides, and all TMA immunohistochemistry was done in duplicate in two separate experiments. TMA slides, as well as positive and negative control slides for each protein target, were simultaneously deparaffinized in changes of CitriSolve (Fischer Scientific) followed by washes in 100% and 95% ethanol. Antigen retrieval was done either with 1 mmol/L EDTA (pH 8.0) followed by heating in a microwave (EGFR, p-EGFR, and PDGFRh) or with DAKO antigen retrieval solution (pH 6.0; sodium citrate solution, DAKO) that was heated until boiled followed by 5 min at sub-boiling temperature (p-PDGFRa, p-MAPK, p-AKT, p-mTOR, and PTEN). Endogenous peroxidase activity was quenched using 3% hydrogen peroxide (H 2 O 2 ). Sections were incubated for 1 h using recommended serum block to eliminate nonspecific staining and subsequently incubated for 18 to 22 h overnight at 4jC using one of eight primary antibodies: EGFR ( Protein expression profiling. For each of the 278 tumor tissue cores per TMA slide, a protein expression score was assigned by four investigators independently for all eight protein targets using light microscopy with >40-fold magnification to evaluate membrane (EGFR, PDGFR, and mTOR), cytoplasmic (EGFR, PDGFR, AKT, mTOR, MAPK, and PTEN), and nuclear (AKT) staining within the tumor cells. Investigators were blinded as to the clinical history relating to each microarray. The principal investigator and two neuropathologists (R.M. and E.J.R.) scored the protein expression separately. Microarrays scored differently by these investigators (19% of the microarrays) were subsequently scored by a fourth investigator (T.J.M.). This additional score served as the deciding one and was in accordance with the pathologists' score in 85% of arrays scored. PTEN staining was scored according to a previously established scale of 0 to 2 (20) . Tumor cells were graded ''2'' if their staining intensity was equal or greater to that of vascular endothelium and ''1'' if diminished relative to the endothelium. Expression score of ''0'' was given if staining was absent compared with control sections. For other targets, score 1 was assigned for weak focal staining, score 2 for weak diffuse staining, score 3 for strong focal staining, and score 4 for strong diffuse staining within the tumor core specimen on the microarray, similar to what has previously been described (29) . High expression was defined as score of 3 to 4, low expression as score 1 to 2, and absent expression was scored as 0. Intergrading and intragrading agreement was 81% and 76%, respectively, between tumor duplicates.
The expression score for each protein target was correlated with clinical data, including survival, tumor grade, dissemination, proliferation index, age of patient, and extent of initial tumor resection.
Progression-free survival (PFS) and/or OS were calculated from the day of diagnosis to the date of tumor progression (PFS) or death (OS). Patients who were alive and free from tumor progression were censored at the date of last follow-up. The proliferation index (MIB index) was reported (M.S.) for a subset of the tumors at diagnosis using MIB-1 monoclonal antibody immunohistochemical staining directed toward the Ki-67 nuclear antigen. Gross-total or near-total resection represented removal of >80% of tumor volume at time of diagnosis but subtotal resection or biopsy removal of <80% of disease. Disseminated disease (M+) was defined as having tumor seeding into a separate location within the central nervous system as determined by neuroimaging or colony-stimulating factor cytology.
RNA profiling (historical comparison). Gene expression profiles were obtained before construction of the TMA from nine of the LGG and six HGG tumors as previously described (26) . In this previously reported cohort, total RNA was isolated from the tissues and hybridized to an Affymetrix U95Av2 array containing f12,000 human transcripts (26) .
Statistics. The univariate Pearson correlation model was applied to determine the association between protein expression of EGFR, p-EGFR, PDGFRh, p-PDGFRa, p-mTOR, p-AKT, p-MAPK (score 0-2 or score 3-4), or PTEN (score 0-1 or score 2) and tumor grade (WHO grade 1-2 or 3-4). Kaplan-Meier time-to-event analysis was evaluated for the proportional hazard assumption before proceeding with Cox regression analysis to assess the risk of progression or death.
A linear regression model was developed to compare the gliomas and estimate the correlation between age at diagnosis, extent of resection, and level of expression of specific targets. By using linear regression, we were able to evaluate whether the correlation differed from zero while holding other confounding factors constant (age of patient, tumor grade, and extent of resection). The EGFR and p-AKT targets violated somewhat the proportional hazards assumption. The Cox multivariate model was therefore reapplied after removing either or both of these targets from the model.
Results

Patient clinical characteristics
The pediatric glioma TMA constructed contained tumor duplicates from 85 newly diagnosed pediatric glioma patients treated at Children's National Medical Center from 1989 to 2004 (63 LGG and 22 HGG) as well as 17 pretreated patients with progressive disease (13 HGG and 4 LGG) that were excluded from further analysis. Table 1 summarizes the untreated patients' clinical characteristics. Mean age and gender did not differ significantly between LGG and HGG patients. Primary tumor location was predominantly supratentorial for HGG and only marginally more supratentorial versus infratentorial for LGG. All of the analyzed HGG tumors were uniformly classified as astrocytic and without significant oligodendroglioma or ependymal components, as were the majority of the LGG.
Patient outcomes associated with clinical characteristics
Overall, 35 of 85 (41%) patients had tumor progression (27% LGG and 82% HGG; median, 10 months after diagnosis; range, <1-87 months) and 16 patients (18%) died (4% LGG and 60% HGG; median, 14 months after diagnosis; range, <1-42 months; Table 1 ). Patients with grade 1 and 2 gliomas were treated similarly, 31 of 42 with grade 1 had surgery only, 4 had focal radiation therapy, and 7 had adjuvant chemotherapy (most often using carboplatin/vincristine) in addition to radiation therapy and surgery, but 17 of 21 with grade 2 had resection only, 2 had focal radiation therapy, and 2 had adjuvant chemotherapy. The overall outcome data were similar to that observed in historical national clinical trial data for the respective histologies (30 -35) .
Tumor grade. As expected, patients with HGG had significantly shorter PFS and OS compared with patients with LGG (P < 0.0001, respectively; Fig. 1A) . PFS of patients with grade 1 gliomas did not differ significantly from that of patients with grade 2 (P = 0.178).
Extent of resection. Similar to that observed in cooperative group clinical trials, in the logistic regression analysis for LGG and HGG, extent of resection, subtotal resection/biopsy or near-total/gross-total, was an important predictor of progression [LGG: hazard ratio, 18.91; 95% confidence interval (95% CI), 3.84-93.15; HGG: hazard ratio, 24.09; 95% CI, 2.44-238.03]. In the unadjusted analysis, 16 of 63 LGG patients, who had biopsy/subtotal resection at diagnosis, had significantly worse PFS compared with 50 LGG patients after near-total/gross-total resection (P = 0.004; Fig. 1B) . Furthermore, 13 of 22 HGG patients, with history of biopsy/subtotal resection at diagnosis, had significantly worse PFS than 9 HGG patients with near-total/gross-total resection (P = 0.004; Fig. 1B ). Evaluating OS, 2 of 9 HGG patients with history Research.
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Patient age. Median PFS for 5 HGG patients <5 years old at diagnosis was 1.2 years (range, 0.7-7.3 years) compared with 0.4 years (range, <0.1-2.4 years) for 17 HGG patients >5 years old (P = 0.09). Median OS in HGG patients <5 years old was 4.9 years (range, 1.5-10.9 years) compared with 1.2 years (range, <0.1-5.9 years) for >5 years old (P = 0.22). For 9 LGG patients <3 years old, the PFS and OS were not significantly different from that of 54 LGG patients >3 years old (P = 0.90 and 1.0, respectively). Hazard ratio for age in LGG was 0.91 (95% CI, 0.84-0.99) and 0.94 (95% CI, 0.85-1.03) for HGG.
Tumor dissemination. Eight patients (five HGG and three LGG) had leptomeningeal spread and metastasis when diagnosed (M+). Five HGG patients, M+ at diagnosis, had significantly lower PFS and OS compared with that of 17 M0 HGG patients (P = 0.046 and 0.0004, respectively; Fig. 1C) .
Proliferation index. MIB index was reported at time of diagnosis for 9 HGG patients (MIB index range, >5-50%) and 27 LGG patients (range, <1-5%). Five LGG patients with known MIB index had progression of disease, thereof four had MIB Fig. 1 . Relationship of pediatric glioma patient survival to histology (A), extent of surgical resection (B), and presence of metastasis at diagnosis in HGG (C). PFS and OS are worse for high-grade histology and the presence of metastasis at diagnosis in HGG. PFS is worse for subtotal resection in either LGG or HGG. GTR/NTR, gross-total/ near-total resection; B/ST, biopsy/subtotal resection; M+, presence of metastasis at diagnosis; M0, no metastasis at diagnosis.
<2%. Consistent with the findings of a German study in 1996 (36), the PFS and OS of 6 LGG patients with MIB index >2% did not differ significantly from that of 21 LGG patients with index <2% (P = 0.950 and 1.0, respectively). However, the OS of six HGG patients with MIB index >10% was significantly lower than that of three HGG patients with MIB index <10% (P = 0.034) but with no statistical difference when evaluating PFS (P = 0.153).
EGFR and PDGFR pathway protein expression profiling
Protein target expression and histology. The justification for combining the grade 1 pilocytic astrocytomas with the molecularly and histologically distinct grade 2 pediatric astrocytomas into one group (LGG) for comparison with the HGG group with respect to EGFR and PDGFR pathway expression was based on a separate analysis (data not shown) that showed no significant difference between the two grades in the expression of the specific targets analyzed as well as our results indicating that there were no significant differences in the treatment nor clinical outcomes for our two cohorts. High expression, defined as grade 3 or 4 positive immunostaining, of EGFR, p-EGFR, p-PDGFRa, and PDGFRh was seen in 80.0%, 47.4%, 85.7%, and 78.9% of HGG and 87.1%, 30.6%, 40.0%, and 41.7% of LGG, respectively. Only high expression of PDGFRh and p-PDGFRa was significantly associated with malignant histology (P = 0.005 and 0.031, respectively; Table 2 ). PTEN staining that was less than that of the vascular endothelium was noted in 32.1% of LGG and in 40% of HGG (Pearson m 2 = 0.32; P = 0.568; Table 2 ). High expression of each target was observed diffusely, but staining clearly localized predominantly to individual tumor cells and to the appropriate cellular compartment of the cells as described (Fig. 2) .
Relationship between protein targets. There was an association between high expression of EGFR and high expression of p-AKT, p-mTOR, and p-MAPK by Pearson's correlation analysis [Pearson m 2 = 22.9 (P < 0.001), 23.7 (P < 0.001), and 15.7 (P < 0.001), respectively] for each target. However, there was no relationship between high PDGFRh expression and high expression of p-AKT, p-mTOR, or p-MAPK [Pearson m 2 = 1.09 (P = 0.297), 0.32 (P = 0.574), and 2.38 (P = 0.123), respectively]. Likewise, there was no relationship observed between p-PDGFRa and other targets.
Protein target expression and clinical outcome. Forty patients with high PDGFRh expression had, when evaluated individually, significantly worse OS compared with that of 39 patients with low expression [4-year OS, 73.9% (95% CI, 57.1-90.8%) and 96.9% (95% CI, 91.1-100%), respectively; P = 0.008], but in a multivariate analysis adjusting for presence of other targets and for extent of tumor resection, this difference disappeared. When analyzing LGG and HGG patients separately, there was no statistical difference in OS or PFS of patients when evaluating individually high PDGFRh expression compared with low expression [for HGG 4-year OS was 33.9% (95% CI, 0.9-67.0%) and 75.0% (95% CI, 32.6-100%), respectively; P = 0.131]. When pairing high PDGFRh expression with expression of each of the other targets, coexpression of p-MAPK and PDGFRh revealed borderline worse PFS in LGG patients after adjusting for extent of tumor resection (hazard ratio, 2.68; 95% CI, 0.89-8.09; P = 0.079). High p-PDGFRa expression was not associated with worse PFS or OS in LGG or HGG.
In LGG patients, when using univariate analysis for evaluation of individual targets, there was borderline evidence that high expression of p-mTOR and p-AKT was associated with greater risk of progression (P = 0.109 and 0.242, respectively). However, this relationship disappeared in the multivariate model when controlling for effect of other targets and extent of initial resection.
Loss of PTEN tumor suppressor expression was associated with worse OS in HGG patients (P = 0.020). However, loss of PTEN expression did not seem to be associated with risk of progression in the same group of patients (P = 0.867; Fig. 3 ).
High expression of EGFR, p-EGFR, and their active signaling pathways was not associated with worse PFS or OS in either LGG or HGG patients. Multivariate models containing EGFR or p-EGFR paired with other targets did not reveal statistical differences in PFS or OS. Furthermore, when evaluating progression in either LGG or HGG, there was no statistically significant evidence that having high expression of EGFR, p-EGFR, PDGFRh, p-MAPK, p-mTOR, and p-AKT compared with having low expression of all of these targets, or any other combination (high or low) of expression levels, was related to progression, whether adjusting for extent of initial tumor resection or not. Table 3 shows the RNA expression profiles and average intensity of the EGFR and PDGFR pathway members previously obtained in 13 tumors from our pediatric glioma cohort (9 HGG and 6 LGG). EGFR was significantly up-regulated in Research.
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on July 17, 2017. © 2008 American Association for Cancer clincancerres.aacrjournals.org Downloaded from the HGG (permutational P for all < 0.004) and AKT1 and PDGFA up-regulation seemed borderline associated with HGG (permutational P = 0.095 and 0.056, respectively). In the LGG tumors, PI3K was significantly up-regulated (permutational P = 0.015, 0.010, and 0.024, respectively). In this small subset of LGG, PDGFRa gene expression seemed to be evident in all the LGG and HGG tumor samples, although with greater intensity in the HGG, but EGFR gene expression was only evident in the HGG tumors. For each tumor that was analyzed by mRNA for markers that were also examined by immunohistochemistry for total protein expression (EGFR, PDGFRh, and PTEN), there was a direct correlation for all three markers between the mRNA and total protein expression levels; however, as a group, only PDGFRh (higher mRNA and protein levels in HGG) and PTEN (lower mRNA and protein in HGG) expression directly correlated.
Discussion
In our prior study, we showed that RNA overexpression of the EGFR and PDGFR pathways best distinguishes childhood HGG from LGG (26) . Because RNA levels may not correlate directly with protein expression and can be a product of both tumor cells and their surrounding microenvironment, we used immunohistochemical analysis to validate protein overexpression and to determine localization of expression of specific EGFR and PDGFR pathway members to establish suitable candidates for drug targeting in childhood glioma. Herein, we show for the first time that high expression of p-PDGFRa and PDGFRh is significantly associated with HGG, whereas relatively decreased PTEN expression by HGG is associated with worse OS. By comparison, on the protein level, EGFR and almost all members of the downstream pathways analyzed are Osteosarcoma positive control (E) and cerebral cortical gray matter negative control (F) were used for both PDGFR markers. Right, A to L, representativeTMA of pediatric glial tumors stained for EGFR and PDGFR pathway markers. Positive (A, C, E, G, I, and K) and negative (B, D, F, H, J, and L) glial tumors staining for EGFR, p-AKT, p-EGFR, p-MAPK, p-MTOR, and PTEN, respectively, are shown. Breast carcinoma positive control (M) and cerebral cortical gray matter negative control (N) for EGFR staining are shown and the same tissues were used as controls for all markers analyzed. Magnification is Â200 for all TMA images, except the p-AKT^negative glial tumor (right, D) shown is Â400 to show that no tumor was completely negative for this marker. Controls are Â400 magnification, except the EGFR-negative control (right, N) shown is Â100.
similarly abundantly expressed by the tumor cells of both childhood HGG and LGG. These findings suggest that the expression of PDGFR not only characterizes the malignant phenotype of childhood glioma but may also represent an important clinical target for therapeutic intervention in HGG. A recent study comparing pediatric gliomas found no significant difference in the total expression of PDGFRa between grade 2 (n = 16), grade 3 (n = 10), and grade 4 (n = 18) tumors; however, in that report, the active form (p-PDGFRa) was not analyzed (28) . This important distinction may account for the seemingly discrepant results. Indeed, we show that mRNA levels of the receptor do not differ between tumor grades; however, given that the activation of the receptor is dependent on the presence and binding efficiency of the PDGF ligands AA and CC as well as other factors (i.e., integrin expression), it is quite possible that the total receptor expression may be equivalent, whereas the expression of the more biologically relevant activated form of the receptor may differ between the histologic grades.
Analyzing coexpression of pairs of protein targets in relation to outcome may ultimately provide more useful information for stratifying targeted therapeutics. For example, PDGFR overexpression alone was not significantly associated with PFS or OS in our HGG cohort; however, if the HGG sample size were expanded, expression of PDGFR alone or in combination with additional targets may correlate with outcome. It can also be argued that it is unlikely that there would be observable differences in survival between PDGFR high-and lowexpressing tumors until a similar analysis is done on HGG specimens derived from patients in clinical trials using drugs that are designed to specifically target PDGFR. Several studies investigating the PDGFR inhibitor imatinib mesylate for recurrent malignant glioma, including a phase I trial in children, have reported a small incidence of objective responses (37 -39) . The responses observed to the PDGFR inhibitor in these recent studies may even be better appreciated if tumors were separated based on PDGFR expression level. An illustration of this includes a study of 186 prospectively collected adult malignant gliomas in which EGFR was the most frequent oncogene amplification yet without apparent correlation with patient survival (18) . Of interest, reanalysis of these tumors by Mellinghoff and colleagues (13) recently showed that coexpression of the active EGFR mutant, EGFRvIII, and PTEN by glioblastomas is associated with improved clinical responsiveness to EGFR kinase inhibitors. The only outcome association seen in our LGG patients was coexpression of p-MAPK and PDGFRa, having borderline worse PFS on multivariate analysis (P = 0.079). However, in the HGG cohort, we found that a relative deficiency in PTEN expression, a negative regulator of PDGFR and EGFR signaling, is associated with worse OS but not to PFS. A similar finding was noted in a cohort of 39 pediatric malignant gliomas, where PTEN mutation was associated with decreased survival (40) . This finding needs to be confirmed in a larger cohort of pediatric HGG. If the prognostic significance of the lack of PTEN expression is validated in a larger study, with or without PDGFR and/or EGFR overexpression, it invites the stratification of pediatric HGG patients at diagnosis into prognostic risk groups, with the goal of tailoring treatment. Elucidating a mechanistic role for reduced PTEN expression in HGG is a potentially important future direction that should be undertaken in subsequent analyses.
Our findings also illustrate the importance of protein validation, as gene expression studies alone would not have predicted that PDGFR is more differentially expressed than EGFR on the protein level in HGG compared with LGG. Despite the limited sample size of our study, the clinical characteristics of our cohort seem to be nearly identical to that of the astrocytoma population observed in the larger pediatric cooperative group clinical trials (30 -35) . Accordingly, our results should be highly representative of childhood gliomas in general, although a larger prospective clinical trial would be necessary for confirmation. Interestingly, despite increased active PDGFR expression by HGG, overexpression of the active downstream targets of the pathway was not found. A plausible explanation for this is that the downstream targets are common to many different receptor tyrosine kinase pathways, as well as other upstream signaling molecules, and thus the ability to detect subtle differences in downstream signal amplitude by protein immunohistochemistry may be quite limited. Nonetheless, identifying a possible critical initiating molecule, such as PDGFR, may still have important clinical implications for altering the pathway activity. A randomized clinical trial using inhibitors to the receptors identified and linking the effect on pathway activation to changes in tumor progression would be needed to validate this concept.
Finally, our results further highlight an interesting distinction that has been noted between primary pediatric and adult malignant gliomas. Whereas adult HGG can be either primary (de novo) tumors or secondary tumors progressing from LGG, pediatric HGGs do not typically arise from LGG, yet pediatric HGGs seem to encompass a biology resembling that of both primary and secondary adult HGG. For example, we found high protein expression of both PDGFR and EGFR in pediatric HGG but showed that PDGFR, rather than EGFR, expression is more closely associated with pediatric HGG. In comparison, PDGFRa expression is noted in 60% of secondary adult glioblastomas and in only a small fraction of primary adult glioblastomas. However, >70% of primary adult glioblastomas overexpress EGFR, which is only rarely seen in secondary glioblastomas. This supports our hypothesis that the molecular biology of pediatric gliomas is distinct, and as such, therapeutic interventions targeting specific biological modifiers should be tailored to pediatric glioma biology as opposed to exactly replicating clinical trials of these agents that were designed specifically for adult-type gliomas. Furthermore, it is recognized that grade 1 tumors are distinct, both histologically and molecularly, from grades 2 to 4, and yet our results indicate that if one focuses solely on the EGFR/PDGFR pathways, grade 1 tumors have similar activity to grade 2 tumors and can only be distinguished from grades 3 and 4 by virtue of PDGFR expression. This finding has potentially important clinical implications in that it implies that activation of these pathways is characteristic of all pediatric astrocytic tumors, and in this particular regard, grade 1 tumors are not distinct.
In conclusion, only limited studies have correlated protein or gene expression profiles in pediatric astrocytomas with clinical outcome. Our study cohort was relatively large compared with prior publications on the expression profiles of EGFR/PDGFR relating histology to outcome in pediatric gliomas. High expression of p-PDGFRa and PDGFRh was found to be significantly associated with HGG, whereas loss of PTEN expression was associated with worse OS. Large multicenter studies are needed to evaluate the prognostic significance of coexpression of signaling cascade targets within tumor cells and to evaluate to full extent the effects on therapeutic response when applying tyrosine kinase or signaling inhibitors.
